Creep life prediction based on stochastic model of microstructurally short crack growth by Ohtani, Ryuichi & Kitamura, Takayuki
NASA Technical Memorandum 100245 
Creep Life Prediction Based on Stochastic 
Model of Microstructurally Short 
Crack Growth 
Takayuki Kitamura 
Lewis Research Center 
Cleveland, Ohio 
and 
Ryuichi Ohtani 
Kyoto University 
Kyoto, Japan 
~ 
(hASA-1F1-100245) C H E E F  L I E E  F f i E C I C T K I N  N88- 12825 
E A S E D  CN S T O C L A S T I C  HCCEL CF 
FICECSTRUCTUHAZlY SUOh'X C R A C K  GECWTH (NASA)  
3 3  p CSCL 20K u n c l a s  
63/39 01 11327 
Prepared for the 
Summer Annual Meeting of the American Society 
of Mechanical Engineers 
Berkeley, California, June 20-22, 1988 
https://ntrs.nasa.gov/search.jsp?R=19880003443 2020-03-20T09:14:49+00:00Z
CREEP LIFE PREDICTION BASED ON STOCHASTIC MODEL OF MICROSTRUCTURALLY 
SHORT CRACK GROWTH 
Takayuki K i  tamura* 
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C leve land,  Oh io  44135 
and 
Ryu ich i  Ohtani  
Kyoto  U n i v e r s i t y  
Department o f  Eng ineer ing  Science 
Kyoto,  Japan 
SUMMARY 
A nondimensional model of m i c r o s t r u c t u r a l l y  s h o r t  c r a c k  growth  i n  c reep 
i s  developed based on a d e t a i l e d  o b s e r v a t i o n  of the  creep f r a c t u r e  p rocess  o f  
304 s t a i n l e s s  s t e e l .  I n  o r d e r  t o  deal  w i t h  the  s c a t t e r  o f  smal l  c r a c k  growth  
r a t e  da ta  caused by m i c r o s t r u c t u r a l  inhomogeneity, a random v a r i a b l e  techn ique  
i s  used i n  the  model. A cumu la t i ve  p r o b a b i l i t y  of the  c rack  l e n g t h  a t  an a r b i -  
t a r y  t i m e ,  G(S,f), and t h a t  o f  the  t i m e  when a c rack  reaches an a r b i t a r y  
l e n g t h ,  F ( f , S > ,  a r e  o b t a i n e d  n u m e r i c a l l y  by means o f  a Monte C a r l o  method. 
G ( S , f )  and F ( f , a )  are  the  p r o b a b i l i t i e s  f o r  a s i n g l e  c rack .  
p l e  c racks  g e n e r a l l y  i n i t i a t e  on the  su r face  o f  a smooth specimen from t h e  
e a r l y  s tage o f  c reep l i f e  t o  t h e  f i n a l  s tage.  
p l e  c rack  i n i t i a t i o n s ,  t he  a c t u a l  c rack  l e n g t h  d i s t r i b u t i o n  observed on t h e  
su r face  o f  a specimen i s  p r e d i c t e d  b y  the  combinat ion o f  p r o b a b i l i t i e s  f o r  a 
s i n g l e  c rack .  The p r e d i c t i o n  shows a f a i r l y  good agreement w i t h  t h e  exper imen- 
t a l  r e s u l t  f o r  c reep o f  304 s t a i n l e s s  s t e e l  a t  923 K. The p r o b a b i l i t y  o f  c reep 
l i f e  i s  o b t a i n e d  from an assumption t h a t  c reep f r a c t u r e  takes p l a c e  when t h e  
l o n g e s t  c rack  reaches a c r i t i c a l  l e n g t h .  The observed and p r e d i c t e d  s c a t t e r  o f  
t h e  l i f e  i s  f a i r l y  smal l  for  t h e  specimens t e s t e d .  
However, m u l t i -  
Taking i n t o  account  t h e  m u l t i -  h W al 
m 
I 
W 
INTRODUCTION 
I n  d e s i g n i n g  mechanical components f o r  h i g h  temperature a p p l i c a t i o n s ,  t h e  
eng ineer  must cons ide r  the  f a i l u r e  mechanism a t  such tempera ture .  
t i o n  o f  c reep damage o f t e n  causes f a i l u r e  a t  h i g h  temperature.  The c reep 
damage u s u a l l y  c o n s i s t s  of m u l t i p l e  c racks  or c a v i t i e s .  For creep l i f e  p r e d i c -  
t i o n ,  i t  i s  necessary t o  eva lua te  the  damage accumulat ion based on t h e  synthe-  
s i s  o f  c rack  growth and lo r  c a v i t y  growth.  
Creep f r a c t u r e  mechanisms w e r e  e x p e r i m e n t a l l y  i n v e s t i g a t e d  i n  d e t a i l  u s i n g  
304 s t a i n l e s s  s t e e l  smooth' specimen i n  p rev ious  works ( r e f s .  1 t o  4). Observa- 
t i o n s  revea led  t h a t :  ( 1 )  c racks  c o n t i n u o u s l y  i n i t i a t e d  a t  t he  s u r f a c e  from t h e  
e a r l y  s tage o f  l i f e  to  $he f i n a l  s tage;  ( 2 )  t he  cracks appear t o  grow randomly 
Accumula- 
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randomly owing t o  the  e f f e c t  o f  l o c a l  m i c r o s t r u c t u r a l  inhomogene i t ies ;  and ( 3 )  
c rack  coalescence and neck ing  of t h e  specimen ( r e d u c t i o n  of area)  a c c e l e r a t e d  
d r a s t i c a l l y  t he  growth i n  t h e  f i n a l  s tage of l i f e .  E v e n t u a l l y ,  t h e  c reep l i f e  
i s  governed by the  c rack  i n i t i a t i o n  and growth .  
The e x i s t i n g  f r a c t u r e  mechanics law f o r  l o n g  c reep  c r a c k  growth  ( r e f s .  5 
t o  1 1 )  i s  n o t  d i r e c t l y  a p p l i c a b l e  to  t h e  random growth  of m i c r o s t r u c t u r a l l y  
s h o r t  c racks  i n  creep. 
g rowth  ( r e f .  1 2 )  because of t h e  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  the  randomness. 
The au tho rs  p r e v i o u s l y  proposed a model o f  t h e  m i c r o s t r u c t u r a l  l y  s h o r t  creep 
c r a c k  growth  ( r e f .  12) .  I n  the  model, a random v a r i a b l e  techn ique was used t o  
dea l  w i t h  the  d i s t r i b u t i o n  of c rack  growth  d a t a .  
Few s t u d i e s  have been r e p o r t e d  on the  s h o r t  creep c r a c k  
I n  t h i s  paper,  the  model i s  r e c a s t  i n t o  a nondimensional  form f o r  p r e d i c -  
t i o n  o f  t h e  creep c rack  growth.  Th is  g r e a t l y  reduces t h e  numer ica l  c a l c u l a -  
t i o n s  r e q u i r e d .  Tak ing i n t o  account  t h e  cont inuous  i n i t i a t i o n  of cracks  and 
the  f a i l u r e  c rack  l e n g t h  t h e  cumu la t i ve  p r o b a b i l i t y  of c reep l i f e  i s  p r e d i c t e d  
by a Monte C a r l o  s i m u l a t i o n  method on t h e  b a s i s  of t h e  nondimensional  model. 
NOMENCLATURE 
a h a l f  c rack  l e n g t h  
aC h a l f  c rack  l e n g t h  a t  which t h e  f l u c t u a t i o n  o f  c rack  growth  r a t e  
b lends  i n t o  l o n g  c r a c k  behav io r  ( f i g .  l ( b ) >  
af  c r i t i c a l  h a l f  c r a c k  l e n g t h  f o r  c reep r u p t u r e  
B 
C 
c o e f f i c i e n t  o f  creep power law 
c o e f f i c i e n t  o f  the  r e l a t i d n  between c r a c k  g rowth  r a t e  and c r a c k  
l e n g t h  i n  the  l o n g  c rack  growth  law 
C C  c o e f f i c i e n t  o f  the  r e l a t i o n  between c r a c k  g rowth  r a t e  and c reep 
J - i n t e g r a l  i n  the  l o n g  c rack  law 
D gYain boundary l e n g t h  between two a d j a c e n t  t r i p l e  p o i n t s  
Dav average o f  D 
d a / d t  c rack  growth r a t e  
( d a / d t > L  c rack  growth r a t e  a t  a t r i p l e  p o i n t  ( f i g .  l ( b > )  
(da /d t )U  c rack  growth r a t e  a t  a medium p o i n t  between a d j a c e n t  t r i p l e  p o i n t s  
. ( f i g .  l ( b > >  
F ( ' f , Z >  cumu la t i ve  probabi  1 - it y  of f ( f , a )  (p robab i  1 i t y  t h a t  a c r a c k  reaches 
l e n g t h  a be fo re  t )  
f ( f ,a )  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of a t ime  f a t  t h e  i n s t a n t  a c rack  
reaches l e n g t h  a 
2 
g ( Z , f >  
h 
L2 
MJ 
m 
m l  
m2 
cumu la t i ve  probab i  1 i t y  of g ( a , f >  (p robab i  1 i t y  t h a t  c rack  l e n g t h  i s  
s h o r t e r  t han  2 a t  f )  
p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  a c rack  l e n g t h  a a t  t ime  f 
nondimensional l e n g t h  between c r a c k  t i p  and g r a i n  boundary t r i p l e  
p o i n t  ( f i g .  2)  
creep J - i n t e g r a l  
number o f  c racks  pe r  u n i t  s u r f a c e  area  ( c r a c k  d e n s i t y )  
t i m e  r a t e  o f  change o f  K ( t >  
cons tan ts  i n  the  r e l a t i o n  between c rack  growth r a t e  and c rack  l e n g t h  
for a smal l  c r a c k  ( f i g .  2) 
cons tan ts  i n  t h e  r e l a t i o n  between c r a c k  growth r a t e  and c r a c k  l e n g t h  
f o r  a smal l  c r a c k  ( f i g .  2 )  
boundary - c r a c k  shape c o r r e c t i o n  f a c t o r  
- 
number of c racks  a t  f = tr (= K ( f r > S >  
cons tan ts  i n  the  r e l a t i o n  between c rack  growth r a t e  and c r a c k  l e n g t h  
for a smal l  c r a c k  ( f i g .  2 )  
cons tan ts  i n  t h e  r e l a t i o n  between c r a c k  growth  r a t e  and c r a c k  l e n g t h  
f o r  a smal l  c r a c k  ( f i g .  2 )  
exponent of power creep law 
cumu la t i ve  p r o b a b i l i t y  of c reep l i f e  
specimen su r face  area  
t i m e  
c rack  i n i t i a t i o n  t i m e  
creep l i f e  
f u n c t i o n  o f  n ( E q .  ( 4 ) )  
p o s i t i v e  i n t e g e r s  
s t r e s s  
a p p l i e d  s t r e s s  
3 
@ ( a , f )  cumu la t i ve  p r o b a b i l i t y  o f  a c r a c k  l e n g t h  a f o r  m u l t i p l e  c racks  case 
a t  a t i m e  f 
Note: bar  over  v a r i a b l e s  i n d i a t e s  nondimensional  form. 
SMALL CRACK GROWTH MODEL 
F igu res  l ( a )  and ( b )  show schematic g rowth  curves and growth  r a t e  o f  
m i c r o s t r u c t u r a l l y  s h o r t  c racks  i n i t i a t e d  on t h e  s u r f a c e  of a smooth specimen 
o f  304 s t a i n l e s s  s t e e l  under creep c o n d i t i o n s  ( r e f .  3 ) .  The c h a r a c t e r i s t i c s  
o f  t h e  c r a c k  growth  a re  summarized as fol lows. 
( 1 )  Cracks i n i t i a t e  a t  g r a i n  boundary t r i p l e  p o i n t s  or c a r b i d e  p r e c i p i -  
t a t e s  and grow a t  h i g h  r a t e s  a long  g r a i n  boundar ies  b u t  d e c e l e r a t e  as they  
approach t r i p l e  p o i n t s  or sharp bends o f  g r a i n  boundar ies .  
( 2 )  The r e l a t i o n  between c rack  growth r a t e  and c r a c k  l e n g t h  i s  g r e a t l y  
dependent on i n d i v i d u a l  c racks .  F l u c t u a t i o n  i n  c r a c k  growth  r a t e  i s  l a r g e  for 
c racks  s m a l l e r  t han  a few m u l t i p l e s  of t h e  g r a i n  s i z e ,  a c .  
l onger  and b lends  i n t o  t h e  s c a t t e r  band for  " l ong -c rack "  behav io r .  
(3) The degree o f  f l u c t u a t i o n  d im in i shes  as t h e  c r a c k  l e n g t h  becomes 
A s t o c h a s t i c  model of m i c r o s t r u c t u r a l l y  s h o r t  c r a c k  growth was proposed 
based on t h e  exper imenta l  r e s u l t s  i n  a p r e v i o u s  paper ( r e f .  12) .  The model i s  
summarized b r i e f l y  as f o l l o w s .  
( 1 )  The c r a c k  l e n g t h ,  a, and t h e  g r a i n  boundary l e n g t h  between two ad ja -  
c e n t  t r i p l e  p o i n t s ,  D, a r e  t h e  p r o j e c t e d  l e n g t h s  on t h e  p lane  p e r p e n d i c u l a r  t o  
t h e  a p p l i e d  s t r e s s  a x i s .  
( 2 )  The g r a i n  boundary l e n g t h  between two a d j a c e n t  t r i p l e  p o i n t s ,  D,  i s  a 
random v a r i a b l e  w i t h  a normal d i s t r i b u t i o n .  
(3) The i n t e r g r a n u l a r  c r a c k  growth  r a t e  a l t e r n a t e s  between an upper and a 
lower peak depending on the  l o c a t i o n  of c r a c k  t i p  as shown i n  f i g u r e s  l ( b )  and 
2. 
( 4 )  The upper and lower peaks o f  the  c r a c k  growth r a t e  a re  modeled by ran -  
dom v a r i a b l e s  o f  l o g a r i t h m i c  normal d i s t r i b u t i o n s .  
cen t  con f idence  bounds a re  l i s t e d  i n  t a b l e  I .  Th is  procedure g i v e s  reasonab le  
c r a c k  growth  d a t a  as compared w i t h  the  exper imenta l  curves ( r e f .  1 2 ) .  
T h e i r  medians and 90 pe r -  
( 5 )  The c r a c k  growth r a t e  f o r  a l o n g  c r a c k  i s  p r o p o r t i o n a l  to  t h e  c rack  
l e n g t h .  
da dt  = Ca . - ( 1 )  
(6) The c r a c k  growth r a t e  between g r a i n  boundary t r i p l e  p o i n t s  i s  g i ven  by 
the  equa t ions  shown i n  f i g u r e  2.  
4 
The creep c r a c k  growth r a t e ,  d a / d t ,  has a good c o r r e l a t i o n  w i t h  a c reep 
J - i n t e g r a l  (C*-parameter or m o d i f i e d  J - i n t e g r a l ) ,  J* ( r e f s .  5 t o  1 1 ) .  For many 
m a t e r i a l s ,  d a / d t  i s  p r o p o r t i o n a l  t o  J* .  
da 
d t  - ‘cJ* 
- -  
where Cc i s  a m a t e r i a l  c o n s t a n t  ( r e f .  13) .  J* for  a f i n i t e  c rack  i n  an 
i n f i n i t e  p l a t e  i s  eva lua ted  by  ( r e f s .  1 and 14) 
( 2 )  
where MJ i s  t h e  boundary - c r a c k  shape c o r r e c t i o n  f a c t o r ,  og i s  t he  a p p l i e d  
s t r e s s ,  and B and n a re  t h e  c o e f f i c i e n t  and t h e  exponent o f  creep power law 
( N o r t o n ’ s  law) ,  r e s p e c t i v e l y .  S u b s t i t u t i n g  e q u a t i o n  (3) i n t o  equa t ion  ( 2 1 ,  we 
o b t a i n  
= Ca . (5 )  
The c r a c k  l e n g t h ,  a, t h e  t ime,  t, and t h e  s t r e s s ,  U, a r e  nondimensional -  
i z e d  as follows, 
a 
Dav 
- 
a = -  
- 
0 = c C 0 = ccug (;) 
(6) 
(8) 
where Dav 
t r i p l e  p o i n t s .  On t h e  bas i s  o f  equat ions  ( 6 )  t o  (81, t h e  r e l a t i o n  between t h e  
nondimensional c rack  growth r a t e ,  d a / d f ,  and t h e  nondimensional creep 
J - i n t e g r a l  , j*, g i v e s  
i s  t h e  average o f  t he  g r a i n  boundary l e n g t h  between two a d j a c e n t  
where 
C = MJa(n) . (10)  
5 
I t  should be no ted  t h a t  t h e  nondimensional  c r a c k  growth  law i s  independent  o f  
the  a p p l i e d  s t r e s s .  The random v a r i a b l e s  used for t h e  upper and lower  c r a c k  
growth r a t e s  a re  l i s t e d  i n  t a b l e  I w h i l e  t h e  no rma l i zed  v a r i a b l e s  a r e  l i s t e d  
i n  t a b l e  11. We a r e  a l s o  a b l e  t o  no rma l i ze  t h e  q u a n t i t i e s ,  D,  h, m l ,  L1, m2, 
and L2 shown i n  f i g u r e  2 .  Therefore,  any o f  the  r e s u l t s  can be d e r i v e d  from 
the  nondimensional  equat ions .  
s t r e s s ,  b o t h  o f  t h e  p r o b a b i l i t i e s  of G(a,f) and F ( f , a )  a t  any s t r e s s  and a t  
any t i m e  ( t o  be desc r ibed  i n  t h e  f o l l o w i n g  s e c t i o n )  can be expressed by  t h e  
nondimensional  ana lyses .  R e s u l t s  can be conver ted  back i n t o  t h e  d imens iona l  
form through equa t ions  (6) t o  (8). 
Since t h e  r e s u l t s  a r e  independent  o f  t h e  a p p l i e d  
I PROBABILITY OF CRACK GROWTH 
The c rack  growth  model i s  s t o c h a s t i c  so t h a t  t he  growth  curve  has a proba- 
b i l i s t i c  d i s t r i b u t i o n  as shown s c h e m a t i c a l l y  i n  f i g u r e  - 3. g ( a , f >  i s  a proba- 
b i l i t y  d e n s i t y  f u n c t i o n  of c r a c k  l e n g t h  a t  a t ime  t a f t e r  c r a c k  i n i t i a t i o n ,  
and f ( f ,a> i s  a p r o b a b i l i t y  d e n s i t y  f u n c t i o n  of t ime  a t  t h e  i n s t a n t  a c r a c k  
reaches l e n g t h  a .  T h e i r  cumu la t i ve  probab i  1 i t i e s  a r e  rep resen ted  by  G(a,f> 
and F ( f , a > .  G was p a r t i a l l y  d iscussed i n  the  p r e v i o u s  work ( r e f .  121, how- 
ever ,  F i s  i n t r o d u c e d  and d iscussed here  for  t h e  f i r s t  t ime .  
G(a,f> and F ( f , a >  a r e  n u m e r i c a l l y  g i v e n  by t h e  f o l l o w i n g  procedure  
(Monte C a r l o  method) as shown i n  f i g u r e  4 on the  b a s i s  o f  the model: 
( 1 )  Generate random numbers. 
( 2 )  Determine random v a r i a b l e s  D, ( d a / d f > u  and ( d a / d f ) L .  
(3)  C a l c u l a t e  t h e  a - t r e l a t i o n  for a c rack .  - 
- 
( 4 )  Repeat 1 to  3 and g e t  t h e  a - t r e l a t i o n s  for many c racks .  
F igu re  5 shows the  change of G ( a , f )  c a l c u l a t e d  by  a s i m u l a t i o n  o f  300 
cracks .  
behav io r  of 304 s t a i n l e s s  s t e e l  a t  923 K ( r e f s .  2, 1 1 ,  and 12) and a r e  l i s t e d  
i n  t a b l e  111. 
i n a r y  c a l c d a t i o n  except  a t  t h e  two extremes where G(a,f> i s  n e a r l y  equal  t o  
z e r o  or one ( r e f .  12) .  G ( a , f >  can be p h y s i c a l l y  i n t e r p r e t e d  as t h e  p r o b a b i l -  
i t y  t h a t  a c r a c k  l e n g t h  i s  s h o r t e r  than a a t  t ime  f .  I t  becomes c l e a r  from 
f i g u r e  5 t h a t  t h e  d i s t r i b u t i o n s  change v e r y  l i t t l e  w i t h i n  t h e  r e g i o n  G(a,f) < 
0.5, w h i l e  t h e y  a r e  s t r o n g l y  depending on t for G ( a , f )  > 0.8. Th is  r e s u l t  
suggests t h a t  t he  f irst g r a i n  boundary t r i p l e  p o i n t  has a h i g h  p r o b a b i l i t y  of 
b l o c k i n g  t h e  c rack  growth  and t h a t  t he  c rack  grows f a s t e r  once i t  passes 
th rough the  t r i p l e  p o i n t .  S i m i l a r  tendenc ies  were found i n  exper iments  
( r e f s .  1 and 3 ) .  
The cons tan ts  used i n  t h e  s i m u l a t i o n  a re  those d e r i v e d  from t h e  c reep 
The convergence of s i m u l a t i o n  r e s u l t s  was con f i rmed  by  a p r e l i m -  
- 
F igu re  6 shows F t f , a >  which i s  o b t a i n e d  by the  s i m u l a t i o n  o f  30 000 
cracks i n  o r d e r  t o  c l a r i f y ' t h e  d i s t r i b u t i o n  near  F ( f , a >  = 0.  F < f , a >  i s  t he  
p r o b a b i l i t y  t h a t  t h e  t ime  when a c rack  l e n g t h  reaches a i s  s h o r t e r  than f .  
The d i s t r i b u t i o n  shows - t k a t  t h e r e  i s  a d i f f e rence  i n  the  s h o r t e r  f r e g i o n ,  
w h i l e  i n  t h e  l onger  t r e g i o n  d i f f e rences  d isappear .  The d i f f e r e n c e  a t  t h e  
s h o r t e r  f '  a f f e c t s  the p r o b a b i l i t y  o f  creep l i f e .  
- 
CRACK LENGTH D I S T R I B U T I O N  
M u l t i p l  c racks  g e n e r a l l y  i n i t i a t e  c o n t i n u o u s l y  on t h e  s u r f a  o f  a smooth 
specimen d u r i n g  t h e  e n t i r e  creep t e s t .  The a c t u a l  d i s t r i b u t i o n  o f  c r a c k  
l e n g t h s  observed a t  a g i ven  t i m e  f i s  b rough t  on n o t  o n l y  by t h e  d i s t r i b u -  
t i o n  o f  c r a c k  growth  r a t e s  b u t  a l s o  by t h e  d i f f e r e n c e  i n  t h e  c r a c k  i n i t i a t i o n  
t i m e .  G(Z,f> o b t a i n e d  i n  t h e  p rev ious  s e c t i o n  i s  t h e  cumu la t i ve  p r o b a b i l i t y  
o f  c r a c k  l e n g t h  a t  f a f t e r  t he  i n i t i a t i o n  o f  a s i n g l e  c r a c k  (or t h a t  f o r  mul- 
t i p l e  c racks  i n i t i a t e d  a t  t he  same t i m e ) .  Therefore,  i t  i s  necessary for  t h e  
p r e d i c t i o n  o f  t h e  a c t u a l  c r a c k  l e n g t h  d i s t r i b u t i o n  to  be coup led  w i t h  t h e  d i s -  
t r i  b u t i o n  f o r  c r a c k  i n i t i a t i o n .  
The cumu la t i ve  p r o b a b i l i t y  f o r  an a c t u a l  c r a c k  d i s t r i b u t i o n ,  @ ( a , f ) ,  a t  a 
t ime  f i s  p r e d i c t e d  by the  f o l l o w i n g  equa t ion :  
where K ( f )  i s  t h e  number o f  c racks  per  u n i t  sur face a rea  (i .e. ,  c r a c k  dens i -  
t y )  a t  t i m e  f ,  t i  i s  a nondimensional c r a c k  i n i t i a t i o n  t ime,  and k ( f )  i s  
t h e  t i m e  r a t e  o f  change o f  K ( f ) .  @ < a , f >  can be i n t e r p r e t e d  as t h e  p r o b a b i l -  
i t y  t h a t  t he  c r a c k  l eng ths  a r e  s h o r t e r  than a a t  a t ime  a .  The numer o f  
c racks  i n i t i a t e d  from t i m e  f t o  f + d f  i s  g i v e n  as 
(12)  
‘Exper imenta l  o b s e r v a t i o n s  have shown t h a t  K ( f )  was n e a r l y  p r o p o r t i o n a l  t o  f 
for  c o n d i t i o n s  o f  creep ( r e f s .  1 and 2 ) .  Thus, k ( f )  i s  c o n s t a n t  and e q u a t i o n  
(11)  can be w r i t t e n  i n  the  form 
The l i n e s  shown i n  f i g u r e  7 a re  the  p r e d i c t e d  p r o b a b i l i t i e s  o f  c r a c k  
l e n g t h  fo r  a smooth specimen o f  304 s t a i n l e s s  s t e e l  a t  923 K. F igu res  7(a)  
and ( b )  a re  t h e  p r o b a b i l i t i e s  a t  t he  medium creep l i f e  and near  t h e  end o f  
c reep l i f e ,  r e s p e c t i v e l y .  The f i g u r e s  a l s o  i n c l u d e  t h e  a c t u a l  d i s t r i b u t i o n  
o b t a i n e d  from a creep t e s t  i n  a i r  ( r e f .  2 ) .  The p r e d i c t i o n s  agree w e l l  w i t h  -
t h e  t e s t  r e s u l t s .  S i m i l a r  success fu l  r e s u l t s  a re  o b t a i n e d  a t  o ther ,  t i m e s  t 
i n  a i r  as w e l l  as the  exper imenta l  r e s u l t s  ( r e f .  2)  i n  vacuum. 
CREEP LIFE OF SMOOTH SPECIMEN 
Creep t e s t s  o f  304 . s t a i n l e s s  s t e e l  r evea led  t h a t  t h e  c reep f a i l u r e  o f  
smooth specimens took pl’ace soon a f t e r  t he  l o n g e s t  c r a c k  reached a c r i t i c a l  
c r a c k  l e n g t h ,  af ( r e f .  2 ) .  Crack coalescence and t e r t i a r y  c reep ( r e d u c t i o n  of  
area)  b rough t  on the  d r a s t i c  a c c e l e r a t i o n  o f  c rack  growth and t h e  u n s t a b l e  
f r a c t u r e .  For t h e  t e s t s  conducted i n  the  p rev ious  work ( r e f .  2 ) .  t h e  va lue  
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of af was about 0.15 mm. This implies that the growth of microstructurally 
short cracks govern the majority of the creep fracture. 
Assuming a critical crack length for rupture, the cumulative probability 
Here, multiple crack initiations must be taken 
of creep life, P(fr>, becomes equivalent to the probability that the longest 
crack reaches the length af .  
into consideration. The derivation of P(fr) from F ( f , a >  is described as 
follows. The probability that a crack initiated at time ti does not reach 
Zf at time f is given by [l - F ( f  - fi, Zf>l. Then, 
n ( 1  - F(f - tj,af)) is the probability that none of the cracks initiated at 
j=l 
t1,f2, . . .  tm, reach af at f .  P(fr), therefore, is given by 
m 
- 
- - 
m 
j=1 
m = K(fr)S 
Again, assuming k ( f )  is constant, equation (14 )  i s  converted into 
m 
P(fr) = 1 - ];T 1 1  - F ((m - j> - At,if)/ 
j=l 
1 
k(fr)S 
At = 
(15) 
(16 )  
(17)  
where S I s  the specimen surface area. 
P(fr) is sensitive to the distribution near F(f,af> = 0, as shown in fig- 
ure 8 wherein the detailed distribution is given by the simulation of 150 000 
cracks. P(fr) shown in figure 9 is obtained from the distribution of figure 8 
and equation (16). To simplify the solution of equation (16), an approximate 
estimation is used as described in the appendix. Figure 9 reveals that as the 
number of cracks, K(fr>S, increases, the creep life decreases and the scatter 
becomes smaller. In other words, the specimen surface area available for 
cracking will affect the creep life. Figure 10 shows the relationship between 
the nondimensional creep 1 ife and the number of cracks at 
and 0.9. 
little in the range of 5000 < k ( f  > S  < 10 000. In the creep tests carried out 
previously, K(fr> is about 26 m n r 5  independent of the applied stress (ref. 2). 
Hence, the scale of S 'can be given and i s  shown on the upper side of 
figure 10. The real time scale at several stresses are also drawn at the 
right side of the same figure. The scatter of creep life is very small in the 
range of 250 mm2 - -  < S < 500 mm2. 
P(fr> = 0.1 , 0.5, 
The life changes considerably in the range of K(fr)S < 3000, but 
a 
S i s  equal t o  320 mm2 f o r  the  t e s t e d  p l a t e  specimen o f  304 s t a i n l e s s  
s t e e l  ( w i d t h ,  t h i c k n e s s ,  and gauge l e n g t h  a re  12, 4, and 10 mm, r e s p e c t i v e l y )  
so t h a t  K ( f r ) S  becomes 6400. The band i n  f i g u r e  1 1  shows t h e  r e l a t i o n s h i p  
between a p p l i e d  s t r e s s  and p r e d i c t e d  c reep l i f e  f o r  0.1 
K ( f r > S  = 6400. Also shown i n  f i g u r e  1 1  a r e  the  a c t u a l  experimenTa1 r e s u l t s  of  
creep r u p t u r e  d a t a  ( r e f s .  2 and 15) .  The p r e d i c t i o n s  show good agreement w i t h  
the  da ta .  
P ( f r >  < 0 .9 and 
The growth o f  s u r f a c e  c racks  governs creep f r a c t u r e  i n  t h i s  r e l a t i v e l y  
s h o r t  t i m e  and h i g h  s t r e s s  reg ime.  However, i t  i s  expected t h a t  i n t e r n a l  
c r a c k i n g  p l a y s  an i m p o r t a n t  ro le  i n  t h e  f r a c t u r e  process a t  lower s t r e s s e s  and 
longer  t i m e s .  L i f e  p r e d i c t i o n  a t  lower s t r e s s  may have t o  be m o d i f i e d  to  
account for i n t e r n a l  i n i t i a t i o n  and c r a c k  growth.  
CONCLUSION 
A nondimensional model of m i c r o s t r u c t u a l l y  smal l  c rack  for c reep l i f e  p re -  
d i c t i o n  i s  proposed. The p r o b a b i l i t y  d i s t r i b u t i o n s  of c r a c k  l e n g t h s  and c reep 
l i f e  a re  p r e d i c t e d  based on t h e  model. The r e s u l t s  o b t a i n e d  a r e  summarized as 
f o l  lows. 
1 .  The s t o c h a s t i c  model of smal l  c r a c k  growth i s  g e n e r a l i z e d .  I n  t h e  
model, t he  s c a t t e r  of c r a c k  growth  r a t e  owing t o  m i c r o s t r u c t u a l  inhomogenei ty  
i s  rep resen ted  by means o f  random v a r i a b l e s .  The nondimensional  model g i v e s  a 
genera l  p r o b a b i l i t y  o f  c r a c k  growth independent o f  a p p l i e d  s t r e s s .  
t h e  cumula t ive  p r o b a b i l i t y  o f  t i m e  when a c rack  reaches l e n g t h  a ,  F < f , a > ,  a r e  
c a l c u l a t e d  by means o f  t h e  Monte C a r l o  s i m u l a t i o n  method. 
3. Tak ing  i n t o  account  t h e  m u l t i p l e  c rack  i n i t i a t i o n s ,  t h e  cumu la t i ve  
p r o b a b i l i t y  of c r a c k  l e n g t h  for t h e  m u l t i p l e  c racks ,  4 ( a , f ) ,  i s  o b t a i n e d  from 
G(a,f>. 
l eng ths  observed on  a specimen o f  304 s t a i n l e s s  s t e e l  t e s t e d  i n  c reep a t  923 K. 
- 
2 .  The cumu la t i ve  p r o b a b i l i t y  o f  c r a c k  l e n g t h  a t  a t ime  t, G(a,f), and 
The p r e d i c t i o n s  agree w e l l  w i t h  the  a c t u a l  d i s t r i b u t i o n  o f  c r a c k  
4. The cumu la t i ve  p r o b a b i l i t y  of creep l i f e ,  P ( f r ) ,  i s  d e r i v e d  by assum- 
i n g  t h a t  t he  l o n g e s t  c r a c k  i s  r e s p o n s i b l e  for the  u l t i m a t e  f r a c t u r e .  P red ic -  
t i o n s  and exper imenta l  r e s u l t s  a re  i n  good agreement. 
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APPENDIX A 
To simplify the solution of equation (16), an approximation is discussed 
in this section. 
The following relation is given because (1 - F ( f , a ) )  is a nonincreasing 
function against t .  
Equation (A-1) is reduced to 
P (1 - F ( f  r f  , a  I>’ n 1 1  - F ( 
j=l 
If p and y are chosen as 
following relation is given. 
‘r 
rn Af = - 
$- A€ - - 1 - P  
(A-2 1 
( A - 3 )  
(A-4) 
Y m  
- j)Afl,sf)} 5 1 1  - F ((m - j)Af,af)} 
j=1 
(1 - F(f,,Z>}Y is nearly equal to one, the 
(A-5) 
(A-6) 
I 10 
In t h i s  study, P(t,-) is calculated by choosing 13 and y as 0.9 - < 
(1 - Ftf,.a)}Y 1 .  
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